Background: Familial Mediterranean fever (FMF) is an autosomal recessive autoinflammatory disorder due to MEFV mutations and one of the most frequent Mediterranean genetic diseases. The observation of many heterozygous patients in whom a second mutated allele was excluded led to the proposal that heterozygosity could be causal. However, heterozygosity might be coincidental in many patients due to the very high rate of mutations in Mediterranean populations.
Introduction
Familial Mediterranean fever (FMF) is part of the expanding family of autoinflammatory disorders and one of the most frequent genetic disorders in the Mediterranean basin, especially in Turkish, Arab, Jewish and Armenian populations. FMF diagnosis remains often difficult due to the lack of pathognomonic signs. The recurrent episodes of fever and systemic inflammation, which last a few days and commonly appear during infancy, are accompanied by peritonitis, arthritis, pleurisy, and skin manifestations. Systemic AA-amyloidosis, which may progress to terminal renal failure, represents the main complication [1] . Patients are usually treated by life-long colchicine administration. The autosomal recessive transmission of FMF was established more than 15 years ago by several means: familial studies [2] [3] [4] , linkage analysis leading to the identification of the disease causing gene (MEFV) [5] [6] , haplotype comparisons, and identification of two MEFV mutations in many patients.
MEFV, which encodes a protein called pyrin, is primarily expressed in cells from the myelomonocytic lineage and in synovial fibroblasts [7] [8] . Although there has been a lot of controversy about the precise function of pyrin, this protein seems to regulate the inflammatory response through its action on IL-1b signalling pathway. Most MEFV sequence variations identified to date correspond to missense changes (Infevers website, http://fmf.igh. cnrs.fr/ISSAID/infevers/). Their deleterious effect is difficult to establish since the gene is not well conserved throughout evolution and since there is no validated routine functional test to assess their pathogenicity. A subset of MEFV mutations has been shown to explain a majority of cases in Mediterranean populations [9] . The risk of a false negative is extremely low when the few most frequent mutations are searched for [10] [11] [12] [13] [14] [15] [16] [17] [18] , so that routine molecular diagnosis usually screens for a limited number of mutations. In those at-risk populations, the frequency of heterozygous carriers is particularly high (up to 20%) so that a pseudo-dominant mode of inheritance has been reported in some families. Noteworthy, in FMF patients who are not from Mediterranean populations, MEFV mutations are extremely rare, suggesting that other genes might be responsible for FMF phenotypes [19] [20] . In addition, a number of patients from Mediterranean ancestry also remain genetically unexplained, that is, they do not carry two mutated MEFV alleles.
Recently, the observation of such Mediterranean patients presenting with typical FMF manifestations, usually responding well to colchicine, and carrying a single heterozygous MEFV mutation, led to the idea that FMF might appear in heterozygotes. There was no direct proof to support this hypothesis since no cellular mechanism or molecular explanation was proposed to confirm this idea. The causality of heterozygosity was proposed after thorough search and exclusion of the presence of a second mutated allele. Indeed, several teams screened the entire coding [10] [11] [12] [13] [17] [18] , or the whole genomic MEFV sequence [16] . Analysis of MEFV RNA in patients excluded transcript size abnormalities, and identification of SNP after cDNA sequencing ruled out allele silencing [15] [16] . Multiplex ligation probe amplification also failed to reveal any copy number variation [14] [15] . A population genetics-based study assessing fitness with Hardy-Weinberg equilibrium demonstrated that FMF manifestations are unrelated to MEFV in most genetically-unexplained patients from at-risk populations [13] . Consistently, the presence of different haplotypes for the second allele in affected siblings carrying a single MEFV mutation ruled out the presence of an unidentified mutation [15] [16] 21] . Finally, genotype studies in a few families with an autosomal dominant disease mode of inheritance contributed to the idea that heterozygosity might be responsible for the disease [12, 15, [21] [22] [23] .
However, a crucial issue for genetic counselling remains unresolved: some of these patients presenting manifestations evocative of FMF might happen to be heterozygotes coincidentally due to the high frequency of MEFV variants in at-risk populations. Lacking an alternative explanation, it might seem tempting to consider heterozygosity as causal; however, it could be risky to take it as a general rule since this might lead to misdiagnosis. We undertook this study to better delineate the pathogenicity of heterozygosity by means of a number of complementary statistically-based approaches, applied to very large study groups comprising a total of 557 patients and 63 familial forms.
Patients and Methods

Patients
This study was approved by the Comité de Protection des Personnes Ile-de-France 5, Paris, France. In this retrospective study, we included 557 unrelated consecutive patients who were clinically diagnosed as having FMF and who met the established set of Tel Hashomer's diagnostic criteria [24] . They were all referred to our National Reference Centres for molecular diagnosis of their autoinflammatory syndromes. Informed written consent was given by all individuals or, in the case of children, by their legal guardians. All the patients included in this study had two parents originating from one of the most affected populations (Armenian, Turkish, North African Sephardic Jewish, Arab). Clinical features, origins, and familial history were recorded through a standardized form. Among the patients included, 63 carried 2 mutated MEFV alleles and were part of multiplex families, which were used to test whether affected siblings carried one or two mutated MEFV alleles.
MEFV analysis gDNA was extracted from peripheral blood leukocytes (FlexiGene, Qiagen). Molecular analyses were performed within the framework of routine genetic testing. All unambiguous MEFV mutations were systematically searched for, as well as the E148Q sequence variation since it is quite frequent and its deleterious effect is much debated. Rare variations of unknown pathogenicity were not considered as disease-causing mutations, especially since their low frequencies did not affect statistical calculations.
Statistical analyses
Comparisons were performed using Pearson's chi-square tests or Fisher's exact tests. Differences were considered statistically significant at p#0.05.
Results
Study of FMF prevalence in at-risk populations
We first evaluated at the population level the contribution of heterozygosity to the prevalence of the disease. To this end, we compared the FMF prevalence estimated on the basis of clinical reports to the prevalence calculated from the frequency of the mutated MEFV alleles. If heterozygosity played a significant role in FMF occurrence, the observed prevalence (P) should stand in between q 2 ,P,2pq+q 2 (q: frequency of mutated MEFV alleles; p: frequency of normal MEFV alleles; q 2 : frequency of individuals carrying two mutated alleles; 2pq: frequency of heterozygotes). Notably, the q value depends on what is considered as a diseasecausing mutation. The problem is particularly true for the debated E148Q sequence variation, since it is quite frequent in at-risk populations; other sequence variations whose deleterious effect is not established are rare and their respective frequencies did not significantly affect calculations. We found two estimations of FMF prevalence based on clinical reports: one in Sephardic Jews [25] and the other in Turks [26] . Table 1 presents the comparative analysis of the observed and calculated prevalence in these populations. First of all, these data did not reveal any detectable contribution of heterozygosity to FMF prevalence at the population level. Indeed, the prevalence calculated according to a model of autosomal recessive transmission (P = q 2 ) is already slightly more elevated than the observed one, suggesting that the disease is underdiagnosed or that certain mutations have reduced penetrance. Notably, the calculated prevalence matches the observed one, only if E148Q is considered as a polymorphism or as a sequence variation with very low disease penetrance.
MEFV genotyping in affected siblings of patients with clinical FMF and two mutated alleles
We evaluated the percentage of heterozygotes in affected siblings of FMF probands in whom the diagnosis was genetically confirmed (i.e. two mutated alleles) ( Figure 1 ). All families meeting these criteria and available in our database (n = 63) were included. In these typical familial forms, the mutations identified were F479L, M680I, M694V, M694I, V726A and R761H. Taken together the 63 index cases had 69 siblings with FMF manifestations. Among them, 63 (92%) carried two mutated alleles and only 6 were heterozygotes (Figure 1 ). In addition, the diagnosis of FMF was not retained in three affected siblings (4%) that were heterozygous carriers: two patients had one isolated sign; one individual had only two episodes of abdominal pain and arthralgia. As for the three other heterozygotes (4%), they had clinical FMF, but only one with the same severity as his sibling. It is also important to note that, even if some of them might develop disease manifestations later in life, 16 unaffected heterozygous carriers were also present in those siblings. All these data strongly suggest that heterozygosity plays only a minor role in the typical familial forms of FMF.
Frequency of heterozygotes among FMF patients
We then studied in detail the MEFV genotypes in FMF patients referred for molecular diagnosis to our National Reference Centres for autoinflammatory disorders. The first hurdle encountered when one attempts to address the question of the causality of MEFV heterozygous mutations is the choice of inclusion criteria for the patients, which are not always mentioned in studies related to this issue. In order to focus on the most typical cases, we included consecutive unrelated patients who were clinically diagnosed as having FMF, meeting the established set of TelHashomer's criteria [24] , and with two parents from one of the most affected populations (Armenian, Turkish, North African Sephardic Jewish, Arab). 557 independent patients fulfilled these criteria, among whom 129 (23%) carried a single MEFV mutation, and 187 (34%) had no MEFV molecular defect. Detailed genotype distributions showing the percentages of patients carrying 0, 1 or 2 mutated alleles in each at-risk population are presented in Figure 2 and indicate that a great proportion of patients remains genetically unexplained with a high proportion of heterozygotes. Notably, the spectrum of MEFV mutations identified among heterozygotes was similar to that present in patients carrying two mutated alleles (data not shown).
A first explanation to the high number of geneticallyunexplained patients could very well be clinical misdiagnosis with a disease mimicking FMF and unrelated to MEFV. According to this hypothesis, we could expect the ratio [heterozygous carriers/ non carriers] (R) at the MEFV locus to be similar in geneticallyunexplained patients and in the general population from the same origin. In genetically-unexplained Armenian patients (n = 44) (Figure 2 ), the R ratio was very high (25/19 = 1.32). Previous studies evaluated the frequency of mutated MEFV alleles in the Armenian population (q,0.07) [4, 27] , allowing us to estimate R at 2pq/p 2 = 0.15. We then deduced the expected number of heterozygous carriers (n = 5.74) and non carriers (n = 38.26) in a group of 44 individuals (same size as the study group) from the general population. Comparison, using chi-square tests, of the R ratios observed among genetically-unexplained patients and those expected in the general population revealed a significant difference (p,2610 25 ) ( Table 2) . Consistent with these results, we also observed significant differences in other populations: Sephardic Jews (1.64 vs 0.2; p,10 Table 2 ). This clearly demonstrates that there is a marked excess of heterozygotes among geneticallyunexplained patients.
Estimation of the risk and relative risk for heterozygotes to develop FMF
Although it is a crucial point for genetic counselling, the question of the risk for heterozygotes to develop FMF manifestations remains largely unanswered. Calculation of the increase in disease risk associated with heterozygous mutations is a highly difficult task since it involves the study of very large cohorts taken Calculations were made using q frequencies estimated previously in the Turkish (q = 0.05) [37] and Sephardic Jewish (q = 0.09) populations [38] . doi:10.1371/journal.pone.0068431.t001 at random in the general population. Nevertheless, knowledge of the FMF prevalence observed in a given population, combined with the distributions of MEFV genotypes among patients and healthy individuals can provide a rough estimate of the risk and relative risk (RR) for heterozygotes to develop FMF, as compared to individuals carrying no MEFV mutations. As an example, we detail the estimation of the RR in Turks. The prevalence of FMF in Turkey is 0.001 [26] , so that in a group of 10 5 individuals taken at random, there should be 100 patients and 99,900 healthy subjects. Among patients, 51 individuals (51%) are expected to carry two mutated alleles, 19 should be heterozygous and 30 should carry no mutation, according to our data displayed in Figure 2 . Among healthy subjects, 9,082 individuals should be heterozygous and 90,818 should carry no mutation, according to the R ratio presented in Table 2 . Therefore, the risk for heterozygotes to develop clinical manifestations is 2.1610
23 (19/ (19+9,082) ). In a similar way, we could estimate the risk for heterozygotes to develop FMF in Sephardic Jews at 5.8610
23
. The corresponding relative risks as compared to individuals carrying no MEFV mutation range from 6.3 to 8.1 (Figure 3 ).
Discussion
The putative pathogenicity of heterozygosity in FMF is usually deduced from the fact that, in spite of complete MEFV screening, a number of patients with typical manifestations carry a single mutated allele. However, this does not constitute any direct proof since MEFV mutations might be present in some patients coincidentally, due to their very high frequencies in at-risk populations. The current study is original in that it takes advantage of statistical approaches to better delineate the pathogenicity of heterozygosity in FMF. Estimations of the disease prevalence at the population level, observations in typical familial forms, and thorough investigation of several hundreds of patients allow us to provide the first statistical demonstration that heterozygosity is not Figure 2 . MEFV genotype distributions in FMF patients from atrisk origin and meeting established clinical criteria. All included patients (n = 557) were unrelated, had a clinical diagnosis of FMF, met Tel Hashomer's criteria and had parents originating from one of the most at-risk populations. The genotype distribution in all patients fulfilling these inclusion criteria is presented at the top. Detailed genotype distributions according to the origin of patients are displayed below. n indicates the number of patients in each group. Numbers in brackets correspond to percentages. The total number of patients is higher than the sum in each at-risk population, since a few patients had parents from two different at-risk origins. m: mutated MEFV allele; N: normal MEFV allele. doi:10.1371/journal.pone.0068431.g002 
23 a q frequencies used to calculate R ratios in general control populations were taken from previous reports: q = 0.07 for Armenians [4, 27] , q = 0.09 for North African Sephardic Jews [38] , q = 0.04 for Arabs [39] , and q = 0.05 for Turk [37] . doi:10.1371/journal.pone.0068431.t002 responsible for the classical Mendelian FMF per se, but constitutes a susceptibility factor for clinically-similar multifactorial forms of the disease. We provide a first estimate of the risk and relative risk for heterozygotes to develop FMF and demonstrate that the disease is present only in a small subset of heterozygotes. The fact that we made similar observations in patients from different origins reinforces our conclusions. Our data show no clear contribution of heterozygosity to the disease prevalence in population genetics-based studies. Indeed, if we consider that two mutations are necessary for disease occurrence, the FMF prevalence calculated from the frequency of mutated MEFV alleles is already slightly higher than the one observed. Consistently, we observed in typical familial forms in which FMF probands were found to carry two unambiguous MEFV mutations that their affected siblings also carry two mutated alleles in the vast majority of cases (92%). In the few exceptions to the rule (FMF siblings carrying a single mutated allele), FMF diagnosis should be evaluated cautiously in order to distinguish FMF from inflammatory manifestations evocative of FMF in the context of a familial history.
However, the ratio heterozygous carriers/non carriers is far higher in genetically-unexplained patients than in the general population from the same origin, showing that recruitment of patients presenting with FMF manifestations favours the recruitment of heterozygotes. These apparently conflicting data can be easily reconciled if we consider that a single heterozygous mutation is not sufficient to trigger FMF, but constitutes a susceptibility factor for the disease, which appears in a small subset of individuals when combined with additional molecular defects and/or environmental factors. The current study thereby provides the first statistical demonstration that heterozygosity for a single MEFV mutation constitutes a susceptibility factor for FMF and that some heterozygous patients do not carry a mutated MEFV allele coincidentally. Notably, several additional clues argue for a role of heterozygosity in disease development: (i) many heterozygotes have mild elevation of acute phase reactants such as CRP or SAA [28] [29] ; (ii) heterozygous parents of FMF children have more inflammatory manifestations in their medical history than controls [30] ; (iii) MEFV expression is increased and similar in patients carrying a single or two mutated allele(s) [16] .
Are we then able to clinically distinguish the classical Mendelian FMF and the complex forms of the disease? Several previous reports indicate that symptoms might be milder or less typical in heterozygotes [15] [16] [17] 21, 28, [31] [32] [33] . A recent report from Federici et al. also showed a decrease in the frequency of the most typical FMF manifestations from patients carrying two high penetrance mutations towards patients with a single low penetrance mutation [34] . Peculiarities in response to treatment have also been reported, such as unresponsiveness [16, 21] or sustained remission after colchicine withdrawal [32] [33] . However, there is today no obvious element or severity score to clearly differentiate between the different forms, so that FMF clinical definition remains a challenge.
A crucial issue for clinicians and patients is the risk for heterozygotes to develop FMF manifestations. We evaluated this risk between 2.1610 23 and 5.8610 23 and the relative risk, as compared to individuals carrying no mutation, between 6.3 and 8.1. These data correspond to estimations generated from knowledge of the FMF prevalence and distribution of MEFV genotypes in at-risk populations and should be confirmed in dedicated prospective studies. Nevertheless, these observations are in accordance with our previous results showing that the contribution of heterozygosity at the population level or in most typical familial forms is small. Consequently, although the exact risk for heterozygotes to experience mild inflammatory signs might be difficult to evaluate precisely, the percentage of heterozygotes from the general population presenting typical FMF manifestations remains very low. As for the risk of recurrence in a given family, it is difficult to assess. Indeed, the study of the frequency of FMF in the relatives of a heterozygous proband raises several obvious problems. First of all, healthy individuals have a priori no reason to come and see a clinician to be genotyped. Secondly, considering that FMF usually appears during childhood or teenage years, the risk of recurrence could only be evaluated in a cohort of adults, thereby greatly limiting the number of candidates.
One major aim of this study was to avoid wrong interpretation of heterozygosity, which might lead to set false positive diagnoses and to neglect genetic heterogeneity in autoinflammatory disorders evocative of FMF. The data presented herein bring to light two messages that are decisive for genetic counselling: (i) heterozygosity should not be considered as sufficient to establish a molecular diagnosis of FMF; (ii) heterozygosity is a susceptibility factor for FMF, which appears in a very small subset of individuals. Consequently, clinical judgment remains crucial in establishing the diagnosis. Detection of a single heterozygous mutation, in the presence of clear clinical symptoms, appears to be sufficient for a colchicine trial [32] [33] . It is also important to keep in mind that most FMF patients who do not belong to at-risk populations do not carry any MEFV mutations. In addition, a subset of FMF patients from at-risk origins does not carry any mutated MEFV allele.
At the present time, we have no clue as to the allelic architecture in the genetically-unexplained FMF forms. Do we have to deal with one or few genetic variants of large effects or with a number of common variants, which individually or in combination confer small increments in risk? What is the environmental contribution? Is there any influence of epigenetic factors, whose involvement in autoinflammatory diseases still remains elusive [35] ? The term ''missing heritability'', usually used to describe the gap between predictive transmission models of complex traits and statistical explanatory power of susceptibility genes identified by genomewide association studies (GWAS) [36] , could also apply to this particular situation in which a small subset of individuals carrying a single MEFV mutation develops FMF manifestations, in the presence of so-far unidentified factors. Identification of such factors and characterization of their interaction with MEFV is a challenging issue. Limited size of homogeneous groups of patients, imprecise phenotyping, and difficulty in accounting for shared environment among relatives, would indeed constitute major limitations in the design of GWAS. However, the current study represents an additional step to throw a bridge across the gap separating the Mendelian and the multifactorial forms of FMF.
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